High lattice thermal conductivity has been the bottleneck for further improvement of the thermoelectric figure-of-merit (ZT) of half-Heuslers (HHs) Hf 1Àx Zr x CoSb 0.8 Sn 0.2 . Theoretically, the lattice thermal conductivity can be reduced by exploring larger differences in the atomic mass and size in the crystal structure, leading to higher ZT. In this paper, we experimentally demonstrated that a lower thermal conductivity in p-type half-Heuslers can be achieved when Ti is used to replace Zr, i.e., Hf 1Àx Ti x CoSb 0.8 Sn 0.2 , due to larger differences in the atomic mass and size between Hf and Ti compared with Hf and Zr. The highest ZT peak, $1.0 at 800 C, in the Hf 1Àx Ti x CoSb 0.8 Sn 0.2 (x ¼ 0.1, 0.2, 0.3, and 0.5) system was achieved using Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 , which makes this material useful in power generation applications.
Introduction
Thermoelectric (TE) materials can convert heat, such as that in the vehicle exhaust systems 1, 2 and that generated from solar radiations, [3] [4] [5] into electric power in an environmentally friendly and less costly way. PbTe 6, 7 and skutterudites 8 are suitable materials for medium temperature (300-500 C) applications whereas SiGe 9,10 alloys are used for high temperature power generation applications (500-800 C). Despite the advantages of non-toxicity, high thermal stability, and low cost compared to PbTe, skutterudites and SiGe alloys, half-Heuslers, 11 another class of thermoelectric materials, have been much less explored, owing to the low thermoelectric figureof-merit (ZT). By definition, ZT ¼ S 2 s k T, where S is the Seebeck coefficient, s is the electrical conductivity, k is the thermal conductivity and T is the absolute temperature. Historically, peak ZT values of p-type half-Heuslers remain low at $0.5, which is mostly attributed to the high thermal conductivity. 12 Only recently, a peak ZT of 0.8 at 700 C has been achieved in a p-type half-Heusler system by using a nanostructure approach, 13 revealing the potential of half-Heuslers (HH) as promising candidates for high-temperature power generation applications. In this report, we found that larger differences in the atomic mass and size between Hf and Ti compared with Hf and Zr can further reduce the lattice thermal conductivity, leading to a peak ZT of $1.0 in p-type HH materials, which make HHs potential materials for consideration in power generation applications in the temperature range up to 800 C, possibly replacing the much more expensive SiGe alloys. 9, 10 Alloy scattering, resulting from differences in the atomic mass and size, may effectively lower the lattice thermal conductivity. 14 In the case of p-type half-Heuslers with the formula MCoSb, where M is Ti, Zr, Hf or a combination of two or three, the high substitutability of the three lattice sites (M, Co, and Sb) provides ample opportunity to further depress the thermal conductivity. There have been some initial reports on reducing the thermal conductivity via elemental substitution at the three respective lattice sites in p-type half-Heuslers, such as a combination of Ti and Zr (M site), 15, 16 substitution of Co by Fe, 17 Ir, 18 or Rh, 19 and Sb by Sn 20, 21, 22 or Ge. 23 Some theoretical calculations have also been conducted to investigate the effect of the mass difference and strain field fluctuation on the lattice thermal conductivity of half-Heuslers. 24, 25 A combination of Hf and Ti is thought to be more effective in reducing the lattice thermal conductivity than that of Hf and Zr, considering the larger differences in the atomic mass and size of Hf and Ti. This concept has been validated experimentally in n-type (Ti, Zr, Hf)NiSn half-Heusler systems. 26 However, there is lack of knowledge about the effect of (Hf, Ti) combinations on the thermal conductivity and ZT of p-type half-Heuslers. Our initial motivation was that enhanced alloy scattering of phonons by larger atomic mass and size differences, in combination with the enhanced boundary scattering from a nanocomposite approach, could further reduce the still large lattice part of the thermal conductivity without a large penalty on the electronic properties, thereby enhancing the ZT. Our investigation on the thermoelectric properties of Hf 1Àx Ti x CoSb 0.8 Sn 0.2 (x ¼ 0.1, 0.2, 0.3, and 0.5) proves that Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 has a lower thermal conductivity of $2.7 W m À1 K À1 , leading to a higher ZT value of $1.0 at 800 C.
Experimental procedure
Alloyed ingots with Hf 1Àx Ti x CoSb 0.8 Sn 0.2 (x ¼ 0.1, 0.2, 0.3, and 0.5, all compositions are nominal) compositions were first formed by arc melting a mixture of an appropriate amount of the individual elements according to the stoichiometry. To prevent oxidation during the arc melting, the chamber was continuously streamed with Ar gas throughout the operation. Normally the ingot would be re-melted twice, flipping the ingot over each time to ensure the homogeneity of the as-arc-melted ingot (we noticed that there was a minor loss of Sb, however any additional effort to compensate for this loss did not result in better thermoelectric properties). The ingot was then loaded into a ball milling jar with grinding balls, inside an argon-filled glove box and then subjected to a mechanical ball-milling process to produce nanopowders. Finally bulk samples were obtained by consolidating the nanopowders into cylinders with a diameter of 12.7 mm and a height of 13 mm, using the direct current induced hotpress method, to measure the properties in the same direction.
X-ray diffraction (XRD) (PANalytical X'Pert Pro) analysis with a wavelength of 0.154 nm (Cu-Ka) was performed on the as-pressed samples with different Hf/Ti ratios. The freshly fractured surface of the as-pressed Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 samples was observed by a scanning electron microscope (SEM, JEOL 6340F) and a high resolution transmission electron microscope (HRTEM, JEOL 2010F).
To measure the thermoelectric properties of the bulk samples, bars of approximately 2 Â 2 Â 12 mm and disks of 12.7 mm in diameter and 2 mm in thickness were made. The bar samples were used to measure the electrical conductivity and Seebeck coefficient on commercial equipment (ULVAC, ZEM3). The disk samples were used to obtain the thermal conductivity, which is calculated as the product of thermal diffusivity, specific heat and volumetric density. The volumetric density was measured using an Archimedes kit. The specific heat was determined by a high-temperature DSC instrument (404C, Netzsch Instruments, Inc.). The thermal diffusivity was measured using a laser flash system (LFA 457 Nanoflash, Netzsch Instruments, Inc.). The uncertainties were 3% for the electrical conductivity, thermal diffusivity, and specific heat, and 5% for the Seebeck coefficient, leading to an 11% uncertainty in the ZT.
We repeated the experiments numerous times and have confirmed that the peak ZT values were reproducible within the experimental errors. Furthermore, we measured the same sample up to 800 C again after the first measurement and found that there was no degradation in either the individual properties or the ZT. 12 No noticeable impurity phases were observed. A close scrutiny revealed that XRD peaks shift towards higher angles with increasing Ti, suggesting that Ti replaces Hf to form alloys. We have also estimated the lattice parameter a of all the samples with different Hf/Ti ratios and plotted the results with respect to the Ti fraction x in Fig. 1b . As expected, the lattice parameter decreases linearly with increasing Ti, following Vegard's law.
Results and discussion
The SEM image of the as-pressed Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 sample is displayed in Fig. 2a , from which we can see that the grain sizes are in the range of 50-300 nm with an estimated average size of approximately 100-200 nm. The TEM image (Fig. 2b ) confirms the average grain size observed from the SEM image, which is $200 nm or smaller. Fig. 2c shows two nanodots sitting on the grain boundaries. These nanodots are commonly observed inside our samples. One unique feature pertaining to our samples is that dislocations are also common, as shown in Fig. 2d . However, we did not observe such many dislocations in Hf 0.5 Zr 0.5 CoSb 0.8 Sn 0.2 , 13 which may be related to the bigger atomic size difference of Hf and Ti compared with Hf and Zr. The small grains, nanodots, and dislocations are all favorable for a low lattice thermal conductivity due to enhanced phonon scattering. Fig. 3 shows the temperature-dependent thermoelectric (TE) properties of the Hf 1Àx Ti x CoSb 0.8 Sn 0.2 (x ¼ 0.1, 0.2, 0.3, and 0.5) samples. All these samples have been made by ball milling the arcmelted ingot using the same ball milling time and hot pressing conditions. The electrical conductivities are plotted in Fig. 3a , from which we can see that the electrical conductivity decreases with increasing Ti for the whole temperature range. The positive signs of the Seebeck coefficients for all the samples indicate p-type transport behavior (Fig. 3b ). The Seebeck coefficient roughly increases with increasing Ti, opposite to the trend for the electrical conductivity (Fig. 3b) . Meanwhile, the differences in the Seebeck coefficients among the various compositions are diminished at elevated temperatures. Fig. 3c demonstrates the temperature-dependent power factor. Hf 0.9 Ti 0.1 CoSb 0.8 Sn 0.2 has the highest power factor whereas Hf 0.5 Ti 0.5 CoSb 0.8 Sn 0.2 has the lowest power factor for the whole temperature range. The power factor of Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 increases steadily with temperature and reaches as high as 25.7 Â 10 À4 W m À1 K À2 at 800 C. Fig. 3d shows the temperature-dependent total thermal conductivity of the Hf 1Àx Ti (Fig. 3e ). As Ti is gradually introduced into the HfCoSb 0.8 Sn 0.2 system, the lattice thermal conductivity experiences a sharp suppression from x ¼ 0.1 to x ¼ 0.2 and then becomes almost saturated above x ¼ 0.2. The theoretical calculations on Hf 1Àx Ti x -CoSb, using molecular dynamic (MD) simulations via the harmonic and cubic force interatomic constants obtained from first principles calculations, predicted such thermal conductivity decreases. 28 The lattice thermal conductivities of the Hf 1Àx Ti x CoSb 0.8 Sn 0.2 (x ¼ 0.1, 0.2, 0.3, and 0.5) samples at room temperature are plotted in the inset of Fig. 3e in comparison with the calculations. It is very encouraging to see that our experimental data and the theoretical calculations are in very good agreement.
Due to the low thermal conductivity and high power factor achieved by partially substituting Hf with Ti, the ZT of Hf 0.8 Ti 0.2 -CoSb 0.8 Sn 0.2 reached 1.0 at 800 C and 0.9 at 700 C (Fig. 3f) , showing promise for p-type materials as an option in high temperature applications.
We also show the specific heat ( Fig. 4a ) and thermal diffusivity (Fig. 4b ) of the Hf 1Àx Ti x CoSb 0.8 Sn 0.2 (x ¼ 0.1, 0.2, 0.3, and 0.5) samples. The specific heat of all the samples increases steadily with temperature. For the same temperature, the specific heat increases with increasing Ti. To be thorough, we measured the specific heat of Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 , which has the highest ZT at high temperatures, using both a high-temperature DSC instrument (404C, Netzsch Instruments, Inc.), which can measure the sample beyond 800 C, and a low-temperature DSC instrument (200-F3, Netzsch Instruments, Inc.), which can only reach up to 600 C. The measurements from the two different DSC instruments agree with each other within 3%. On the other hand, thermal diffusivity of all the samples precisely follows the trend of decreasing with increasing Ti.
We plotted the temperature-dependent TE properties of the nanostructured bulk Hf 0.8 Ti 0. (Fig. 5a) . In contrast, the Seebeck coefficient of Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 is almost the same as that of Hf 0.5 Zr 0.5 CoSb 0.8 Sn 0.2 for all the temperatures (Fig. 5b) . As a result of the reduced electrical conductivity, the power factor of Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 is lower than that of Hf 0.5 Zr 0.5 CoSb 0.8 Sn 0.2 from 100 C to 700 C (Fig. 5c ). However, this reduced power factor is compensated by the much reduced thermal conductivity (Fig. 5d ), which yields an enhanced ZT, especially at higher temperatures (Fig. 5f ). The total thermal conductivity of Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 is $17% lower than that of Hf 0.5 Zr 0.5 CoSb 0.8 Sn 0.2 (Fig. 5d ), indicating that the combination of Hf and Ti is more effective in reducing the thermal conductivity compared with the Hf and Zr combination. The origin of the thermal conductivity reduction achieved in Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 in comparison with Hf 0.5 Zr 0.5 CoSb 0.8 Sn 0.2 comes from two parts: the (Fig. 5e ), consistent with more thermal conductivity reduction by the Hf and Ti combination in an n-type half-Heusler system. 26 Our experimental results clearly show that thermal conductivity can be most effectively reduced with the combination of Hf and Ti, owing to the larger difference in the atomic mass and size for this combination. However, the lattice part still dominates the total thermal conductivity. If more alloy scattering and/or more boundary scattering by even smaller grains can be achieved, thermal conductivity is expected to be reduced further. It is clearly shown in Fig. 5f that the ZT of Hf 0.8 Ti 0.2 -CoSb 0.8 Sn 0.2 is comparable to that of Hf 0.5 Zr 0.5 CoSb 0.8 Sn 0.2 at low temperatures and exceeds that of Hf 0.5 Zr 0.5 CoSb 0.8 Sn 0.2 at temperatures above 500 C, demonstrating promise for high temperature applications. The data from p-type silicon germanium (SiGe), 10 another promising p-type material for high temperature applications, is also included for comparison ( Fig. 5f ). Hf 0.8 Ti 0.2 -CoSb 0.8 Sn 0.2 may also have cost advantages over SiGe due to the extremely high cost of Ge.
The data we report here are representative results from many runs. A few typical ZT vs. T curves of Hf 0.8 Ti 0.2 CoSb 0.8 Sn 0.2 are shown in Fig. 6 to demonstrate the repeatability. We have not only made many parallel batches under similar conditions (samples 1 and 2) but also did 
